
Plays Chem Minerals (1993) 20:91-96 
PHYSI[:S  [  CHEMISTRY 
 ]iTMIliERALS 
�9 Springer-Verlag 1993 

Melting of Wiistite and Iron up to Pressures of 600 kbar 
Guoyin Sheu, Peter Lazor, and Surendra K. Saxena 

Theoretical Geochemistry Program, Department of Mineralogy and Petrology, Institute of Earth Sciences, P.O. Box 555, 
Uppsala University, S-752 36 Uppsala, Sweden 

Received August 20, 1992 / Revised, accepted March 2, 1993 

Abstract. The effect of pressure on melting temperature 
of wfistite and iron has been measured with laser-heated 
diamond anvil cell. The temperature was determined by 
measuring the thermal radiation emitted by the sample 
as a function of wavelength in the range from 600 nm 
to 900 nm to which Planck's radiation function was fit- 
ted; the pressure was measured by ruby-fluorescence 
technique. The melting curve of wfistite in this study 
when extrapolated to low pressures agrees with Linds- 
ley's (1966) data. Our data are similar to the recent data 
of Boehler (1992) and close to that of Ringwood and 
Hibberson (1990) at pressure of 160 kbar, but the melt- 
ing temperature does not rise as rapidly with increasing 
pressure as reported by Knittle and Jeanloz (1991). If 
tungsten emissivity is used in the temperature calcula- 
tion, the melting curve of iron matches those of Boehler 
et al. (1990). Use of emissivity of iron in the temperature 
calculation results in somewhat higher temperatures 
tl~an those reported by Boehler et al. (1990). 

heated diamond anvil cell (DAC) and recently by 
Boehler (1992) up to 500 kbar with laser heated DAC. 
The melting temperature at 160 kbar by Knittle and 
Jeanloz (1991) is about 700 K higher than that reported 
by Ringwood and Hibberson (1990) and Boehler (1992). 
Boehler (1992) found that melting temperature at 
500 kbar is 1100 K lower than that measured by Knittle 
and Jeanloz (1991). The melting curves of iron as deter- 
mined by different authors could also be quite different. 
The melting temperature at 1 Mbar as measured by 
Boehler et al. (1990) differ from those of Williams et al. 
(1991), both with the laser-heated DAC technique, by 
over 1000 K. Such a large discrepancy may be due to 
the use of different methods of detecting melting and 
determination of temperature and pressure. In order to 
resolve these differences, we have measured the melting 
temperatures of w/istite and iron up to a pressure of 
600 kbar with laser-heated diamond anvil cell. 

Introduction 

Melting is one of the important processes in the evolu- 
tion of planets. With the technique of laser-heated dia- 
mond anvil cell, the melting curves of a few geophysi- 
cally important materials, e.g., iron, wfistige and perovs- 
kite, have been obtained to extremely high pressures 
which are close to that of the core-mantle boundary 
(e.g., Heinz and Jeanloz 1987; Williams etal. 1987; 
Boehler et al. 1990). Such static experiments give us a 
chance to place constraints on the physical and chemical 
properties of the materials at the core-mantle boundary 
o1: even in the deep core in the earth. 

Melting of wfistite has been experimentally studied 
by Lindsley (1966) at pressures up to 30 kbar with 
piston-cylinder apparatus, by Ringwood and Hibberson 
(1990) at a pressure of 160 kbar with multi-anvil press, 
by Knittle and Jeanloz (1991) up to 1000 kbar with laser- 

Experimental Procedures 

Samples Preparation 

Wi~stite. Wfistite with the composition Feo.940 used in our experi- 
ments was provided by E. Hgtlenius. The sample was synthesized 
from hematite with controled oxygen fogacity at 1000 ~ C. The sam- 
ple was later ground into a powder. Feo.940 was characterized 
by X-ray diffraction with cell parameter a as 4.307 A. 

Stainless steel T301 gasket was used for laser-heating experi- 
ments. Prior to an experiment, the gasket was indented between 
diamond anvils with pressures about 100 kbar at the centre, and 
a 250 ~m diameter hole was drilled at the centre of  the indention. 
The thickness after indention was about 100 ~tm. The wfistite 
powder was loaded into the gasket hole. A ruby chip (about 
100 ~tm• 100 ~tm) was then put over the sample (Fig. l a). This 
ruby chip is used for measuring the pressure directly on the spot 
and isolating the sample from the diamonds. At low pressures, 
the reaction between FeO and A1203 to form hercynite, FeA1204, 
is possible. However, most of the present experiments were carried 
out at pressures above 150 kbar where hercynite is unstable. Heinz 
and Jeanloz (1987) observed that the ruby-fluorescence signal de- 
grades continually as each time the sample is heated. But we found 
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Fig. 1. Sample assembly for experiments of a wiistite, b iron 

that the ruby-fluorescence signal still degrades continually with 
heating when we put ruby on chemically stable platinum foil. After 
several times of heating on the platinum, we found a strong ring 
of ruby-fluorescence at the outer edge of the hot-spot. This ring 
may be due to the concentration of Cr 3 + which is consistent with 
Soret diffusion of Cr under temperature gradient. Therefore degra- 
dation of ruby-fluorescence with heating is mainly due to Soret 
diffusion of Cr rather than the chemical contamination with sam- 
ple. 

Iron. The 99.99% pure iron sample, a foil of 100 gm initial thick- 
ness and flattened to about 40 gm thick, was loaded into the gasket 
hole over a layer of fine-grained MgO powder. A small disc of 
colorless corundum was put over iron-foil. Several small ruby chips 
were spread over the assemblage (Fig. i b). It is usually necessary 
to isolate the iron sample fi'om the anvils. In our earlier work 
(Lazor et al. 1992; Shen et al. 1992), we had used MgO or A1203 
powder as the medium and taken the temperature of melting as 
soon as the melting was observed. Once the melting begins, a reac- 
tion with the powder can be observed. In order to avoid this, 
we followed the method suggested by Boehler et al. (1990) and 
used a corundum disc on the top of the sample as the isolator. 
The use of such a disc retards or eliminates any significant reaction 
between the sample and the disc. Use of the disc also minimizes 
the decrease of pressure due to laser heating (fusion of grain bound- 
aries, relaxation of stress etc.). 

Pressure Measurements 

Wiistite. Modified Mao-Bell type diamond anvil cells were used 
with type I diamonds. Pressures were measured by ruby-fluores- 
cence technique (Mao et al. 1978). Ruby allows the visual observa- 
tion of the sample inside the diamond cell and provides a thermal 
insulation between the sample and the diamond. Pressure can be 
measured exactly at the spot of the experiment; pressures were 
measured before and after heating. The magnitude of the pressure 
decrease following laser heating is about 10-15% of the initial 
pressure. Usually pressure drops most after first heating; further 
heating does not change the pressure much (1-3%). 

Determination of the pressure on the melting spot during heat- 
ing requires an accounting of both thermal pressure and relaxation 
effects. Since the pressure becomes almost stable after first heating, 
we treat the total pressure as the stabilized pressure plus thermal 
pressure. A maximum estimate of the pressure increase on laser 
heating is given by the thermal pressure at constant volume. For 
temperatures of 2000-3000 K under laser beam, the so-called ther- 
modynamic thermal pressure (Heinz 1990), is estimated to be 50- 
100 kbar from the P-V-T relations for wfistite. Since the laser beam 
was quite defocussed, the temperature gradient across the heated 
spot is much less than 2000 K or 3000 K and because the volume 
is not constant during heating, the actual thermal pressure should 
be much less than the estimated value of 50-100 kbar. Heinz 0990) 
considered the thermal elastic effect on thermal pressure and calcu- 
lated that the thermal pressure in the thermal elastic case is approx- 
imately one-half of the expected thermodynamic thermal pressure. 
Based on the consideration of the thermal elastic effect (Heinz 
1990) and pressure effect on thermal pessure, we assume the magni- 
tude of thermal pressure to be about 7% of the pressure after 
heating. As is obvious, the measurement of the actual pressure 
(i.e. in-situ pressure during heating) is not yet possible experimen- 
tally with available technique. We consider the thermal pressure 
estimate as a theoretical task; therefore in this study, we present 
the raw experimental data on the measured pressure of the 
quenched sample as well. The pressure uncertainties are approxi- 
mately +_10kbar at 100kbar and +30 kbar at 500 kbar due to 
pressure gradient across the spot. 

Iron. Pressures were measured by fluorescence signals from scat- 
tered ruby chips. When MgO or A1203 powder was used as the 
pressure medium, the situation is similar to that of wfistite as dis- 
cussed above. When the corundum disc is used, the magnitude 
of the pressure decrease following laser-heating is less than that 
of wfistite. Again we assume the same magnitude of thermal pres- 
sure as that of wiistite and treat the pressure after heating plus 
thermal pressure as representative of the pressure within the sam- 
ple. 

Temperature Measurements 

Optical geometry to measure temperatures and pressures in a laser- 
heated diamond anvil cell has been described in detail by Lazor 
et al. (1993). The sample is heated by N d : Y A G  laser (Coherent, 
model 76-s) with a maximum power of 33 W. The beam, in the 
TEMoo mode, is attenuated with a polariser and focussed with 
a lens. The beam is usually defocussed to a degree that melting 
could be reached with maximum laser power to obtain the lowest 
possible temperature gradient in the sample. The temperature of 
laser-heated sample is determined by measuring the thermal radia- 
tion emitted by the sample as a function of wavelength in the 
range from 600 nm to 900 nm and fitted to Planck's radiation func- 
tion. Wavelength dependence of emissivity was taken into account 
for fitting. Different wavelength dependence of emissivity in calcu- 
lation at 3000 K can change the temperature over 200 K. 

Since a 50-pm-diameter pinhole at the entrance of the mono- 
chrometer is used, we can measure the temperature of the sample 
area of 3 gm in diameter. The entire set of optics was calibrated 
with a standard Quartz halogen tungsten lamp (Oriel, model 
63361). Temperature fluctuations due to laser power fluctuation 
were measured for different materials: for nickel, platinum, and 
FeO at about 1850 K, 2020 K, and 2200 K, respectively. Within 
2.5 seconds, the largest fluctuations were + 35 K for nickel, + 35 K 
for platinum, and +__40 K for FeO; the largest fluctuation was 
+ 80 K for tungsten at 3200 K. The radial temperature distribution 
of a hot spot of about 20 gm in diameter was measured. The tem- 
perature gradient within the central part was about 20 K/pm. For 
more details see Lazor et al. (1993). 

The melting point of tungsten foil under Ar-gas flow at I bar 
was measured as 3671 K using available tungsten emissivity (De 
Vos 1954). The melting temperature of platinum at i bar was meas- 



93 

ured as 2043 K using the available emissivity (Cabannes 1967). 
Both of them are in agreement with the literature data of 3680 K 
and 2045 K, respectively. 

Characterization of Melting. Melting was detected in situ mainly 
by watching the fluid-like motion in the molten sample using a 
beam splitter (10R/90T) and a 488 nm band-pass filter (F2) in 
front of a CCD camera. With increasing power, we kept watching 
the texture of the hot-spot by reflected light of Ar-laser and record- 
ing the temperature at each step. As the wavelength of At-laser 
(488 nm) is far away from the range of the emission spectra we 
collect, Ar-laser has no effect on temperature. The visible thermal 
emission (bright glow) from the hot spot is cut by a movable 
488 nm band-pass filter. Therefore the change in texture can be 
seen in-situ at both high temperatures and high pressures. The 
first change in texture is considered as indicating melting. This 
process was repeated at least three times. Usually the size of the 
spot changing texture had a diameter of 2-5 gm which was just 
about the corresponding size of the entrance pinhole. A big contin- 
uous change in texture was considered to indicate that the melting 
temperature had exceeded. Note that if we turn off the laser after 
the first change in texture, we do not observe typical circular fea- 
ture of melting. This means that the first change in texture cannot 
be caught without in-situ observation. Therefore in methods where 
quenching is used, the melting temperature would be overestimated 
substantially. 

Boehler et al. (1990) detected melting of iron by three different 
methods: recording the power-temperature function, monitoring 
in-situ the intensity of Ar-laser light reflected from the hot-spot 
and recording the resistance-temperature function. The reported 
results with these three methods were consistent. With our recorded 
data of power and temperature, we also found a small discontinuity 
in power-temperature function. The temperature at this discontin- 
uity is consistent with the temperature of the first-change in texture. 
At pressures higher than 400 kbar, the change in texture becomes 
small. Each careful observation in texture change was compared 
with the power-temperature function. 

Results and Discussion 

Wi~stite 

The experimental results on melting of wiistite at pres- 
sures up to 600 kbar  are shown in Fig. 2 with the piston- 
cylinder results of  Lindsley (1966), multi-anvil result of  
Ringwood and Hibberson (1990), laser-heated D A C  re- 
sults of  Knittle and Jeanloz (1991) and recent results 
of  Boehler (1992). The melting curve when extrapolated 
to low pressures matches Lindsley's data. However  the 
melting temperature does not rise as rapidly with pres- 
sure as reported by Knittle and Jeanloz (1991). The melt- 
ing temperature  at 600 kbar  is about  1200 K lower than 
theirs. This disagreement can be mainly explained by 
the different ways of  detecting melting as discussed in 
the previous section. The temperature at the first change 
in texture can be several hundred degrees lower than 
that observed after a large change in texture. The record- 
ing of  the typical melting features require large textual 
changes which happen only after the melting tempera- 
ture has exceeded substantially. Therefore it is impor tant  
that the melting is detected in-situ. 

The melting temperature  was measured both with in- 
creasing and decreasing of pressure. A little discrepancy 
in melting temperature  was found at pressures lower 
than 200 kbar  in these two types of  measurements.  At 
higher pressures the results are very close. In Fig. 2, 

4000 ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' ~ [  . - ~ ' '  ' 
/ 

W O s t i t e  / 1 

3 5 0 0 "  / . /  
f / "  

/ 

3 0 0 0  �9 ' /  ',r / 

a .  | ~ 2 5 0 0  / /  

E / ~ A ~  lX Boehler 1992 

I - -  2 0 0 0 "  0 R &  H 

[ ]  Lindsley 1966 

~ -  K & J  

1 5 0 0 "  0 This study 

�9 This study 

1 0 0 0  , , , I , , , I , , , I , , , I , , , I , , , 

0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  

P r e s s u r e  k b a r  

Fig. 2. Experimental results on melting of wiistite with the starting 
composition Feo.9470. R&H, Ringwood and Hibberson (1990), 
K&J, Knittle and Jeanloz (1991). The dashed line shows melting 
as measured by Knittle and Jeanloz (1991). The open diamonds 
with error bars (pressure gradient across the heating spot) show 
the pressures including thermal pressure estimation as discussed 
in the text. The solid diamonds represent the experimental pressure 
as measured after quenching. Temperature error bars show the data 
scatter at several repeat measurements 

points a, b and c were measured with increasing pressure 
and points d, e with decreasing pressure. I f  we compare  
these results with those of  Ringwood and Hibberson 
(1990), the data obtained during decreasing pressure is 
close to their's. Since at low pressures, chemical reac- 
tions between A1203 and FeO sample is possible, this 
discrepancy in the two processes could be due to a chem- 
ical reaction. At higher pressures, above 200 kbar,  oxides 
become more stable and the consistent results in these 
two processes imply that  chemical reaction at this pres- 
sure range on melting can be neglected. The data at 
pressures above 200 kbar  are then more reliable. The 
present melting data are in good agreement with the 
work by Boehler (1992) where Ar gas medium was used. 
The composit ion of wiistite FexO (x: 0.88-0.95) is a func- 
tion of  pressure and temperature. Many  researchers 
(e.g., M c C a m m o n  and Liu 1984; Liu 1976; Shen et al. 
1983) showed that x increases as a function of pressure 
below 100 kbar  and then decreases with increasing pres- 
sure at pressures above 100 kbar. Therefore the experi- 
mental  result here may  represent the melting of wiistite 
with a composit ion somewhat  different f rom that  o f  the 
starting material Feo.9470. 

The melting point of wiistite at 1 bar  under Ar-gas 
flow was measured as 1620_+ 20 K;  here the error repre- 
sents the data at several repeating measurements,  using 
the wavelength independent emissivity. The melting tem- 
perature at I bar  was measured to be 1648 K by Darken  
and Gurry  (1946). 

Iron 

The experimental results on melting of  iron in the laser 
heated DAC at pressures up to 600 kbar  are shown in 
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Fig. 3.  T h e  e x p e r i m e n t a l  r e s u l t s  o n  m e l t i n g  o f  i r o n .  T h e  dashed 
line represents the melting curve of Williams et al. (1987), Solid 
diamonds denote the results with tungsten emissivity while open 
diamonds represent that with iron emissivity (see discussion in the 
text). Solid diamonds have the same error bars as that of open 
diamonds. Pressures include thermal pressure estimation. Pressure 
error bars show the pressure gradient across the heating spot; tem- 
perature error bars represent the data scatter at several repeat meas- 
urements 

Fig. 3 along with the results of Boehler et al. (1990) and 
Williams et al. (1987). Both tungsten emissivity and iron 
emissivity have been used to calculate the melting tem- 
peratures. It can be seen that the data with tungsten 
emissivity (solid diamonds) agree well with that of 
Boehler et al. (1990), who also used the tungsten emissi- 
vity in their calculations. Therefore our data do match 
their data, which implies that the technique in this study 
is comparable to their's. However, if tungsten emissivity 
was used, the measurement of the melting point of iron 
at I bar under Ar-gas flow resulted in a temperature 
which is about 60 K lower than the literature value of 
1808 K. With the iron emissivity data (see discussion 
below), we recalculated the temperature with the collect- 
ed data on iron melting at 1 bar and got the temperature 
value close to 1808 K. The melting temperatures at high 
pressures were also calculated using the same emissivity 
data. The results are shown in Fig. 3 with open dia- 
monds with error bars. 

Discuss ions  

The determination of temperature by measuring the 
thermal radiation is dependent on emissivity of the sam- 
ple. For iron, although some measurements are available 
on wavelength dependence of the emissivity (Taylor 
1952; Cabannes 1967, and references therein), the abso- 
lute values of emissivity are scattered. Furthermore, the 
pressure and temperature effects on wavelength depen- 
dence of emissivity are still unknown. Boehler et al. 
(1990) used tungsten's wavelength dependence of emissi- 
vity to calculate the temperature; Williams et al. (1991) 

assumed the wavelength dependence of emissivity to be 
constant. According to our measurement of the melting 
point of iron at I bar, we found it difficult to match 
the literature data if the tungsten emissivity was used. 
Here, the linear change in emissivity with wavelength 
is assumed and given by: 

e=eo[1 +el (A-750)], (1) 

where s is emissivity, eo the emissivity fitting to Planck's 
function, el the parameter of the wavelength dependence 
of emissivity and 2 is wavelength in nm. From Taylor 
(1952) and Cabannes (1967, and references therein), et 
was estimated in the range from - 5 . 0 x  10 -4 nm -~ to 
- 3 . 0 x l 0 - g n m  -~ from different authors, which is 
much smaller than the value for tungsten (el = - 7 . 0  x 
10 -5 nm-~). The interval for el resulted in an error in 
temperature ranging from +10 K at 1900 K to -t-30 K 
at 2600 K. Since it is difficult to consider the pressure 
and temperature dependence of emissivity at the present 
stage of both theory and available data, these emissivity 
data were used for calculating melting temperatures at 
high pressures. For wfistite, emissivity data is not avail- 
able. We corrected the melting temperature of wfistite 
at 1 bar to 1648 K with el =7.0 x 10 .4 nm -~. The melt- 
ing temperature at high pressures was calculated by us- 
ing this corrected emissivity. Comparing the temperature 
with constant emissivity, the temperature is about 60 K 
higher at 2500 K. 

The thermodynamics of wiistite at high pressure and 
temperature is complicated because the composition 
may change with pressure and temperature and, as a 
result, the physical parameters (e.g., thermal expansion 
coefficient, bulk modulus) can also change (McCammon 
and Liu 1984). Therefore we need to know the pressure 
and temperature dependence of the composition to dis- 
cuss the thermodynamics of wfistite solid solution from 
the experimental results. Since the available data are 
with large uncertainties, we assume that the composition 
of wiistite does not change at different pressures and 
temperatures. For the starting material, Feo.9470, ther- 
modynamical and thermophysical data are available 
(Sundman 1991; Coughlin et al. 1951 ; Yagi et al. 1985; 
Hazen and Jeanloz 1984; Jackson et al. 1990). With an 
optimization technique (Saxena and Shen 1992), we have 
made these data to be internally consistent. The thermo- 
dynamic parameters of liquid phase have been optimised 
by minimizing the total Gibbs free energy. The results 
are shown in Table 1. 

As compared to the previous laser-heated diamond 
anvil experiments on iron, it is shown in Fig. 3 that at 
pressure below 200 kbar our results along with that of 
Boehler et al. (1990) and Williams et al. (1991) are con- 
sistent. Above 200 kbar, our results are much closer to 
those of Boehler et al. (1990). In Fig. 4, the melting 
curves of wiistite and iron have been plotted using third- 
order polynomial equations for interpolation, fitted by 
least squares to data of melting. It can be seen that 
the melting curve of wiistite shows a higher slope at 
pressures below 300 kbar and almost the same slope as 
that of iron at higher pressures. Using the Krant & Ken- 
nedy's melting model, McCammon et al. (1983) showed 
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Table 1. The thermodynamical parameters of wfistite a 

Solid Liquid h 

AH(298) (J/mol) --265152 b -215158 

AS(298) (J/tool. K) 58.7 b 92.5 

V298 (cm3/mol) 12.04 ~ 13.0 

~v ( K - l )  c% ( 1 0 6 )  a 56.6 59.2 
c~1 (10 s) 0.949 0.005 
~2 (102) --0.221 --2077 
~3 - 1.53 0 

/~r (bar -~) flo (106) e 0.585 0.952 
/~1 (1011) 15.88 -0 .886 
]~2 (1012) - -0 .008 0.155 
f13 (1016) 0.053 - -0 .353 

K'oT (dK/dP) 4.0 f 3.55 
Cp (J/mol.K) Co g 43.36 47.84 

c~ 0.0117 0 
c2 (10 4) 0.162 0 
c3 (10 -6) -0.671 0 
c4 (10 -8) 0.929 0 

that the melting curve of wfistite lies above the melting 
curve of iron at high pressures. Our results here are 
in qualitatively agreement with their's. Since oxygen is 
a possible light element in the outer core (Ringwood 
1977), the result of higher melting temperature of wiistite 
could be geophysically significant. Based on the experi- 
ments on the system F e - F e O  at pressures up to 
250 kbar, Kato and Ringwood (1989) pointed out that 
the melting point of iron is decreased considerably by 
solution of FeO and that the slope of melting curve of 
F e -  FeO eutectic is much smaller than that of pure iron. 
With the melting data up to 600 kbar, new constraints 
can be placed on the phase diagram of the F e - F e O  
system. 
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a The results are with the composition of Feo.9470 under the as- 
sumption that the composition does not change at different pres- 
sures and temperatures 
b Sundman (1991) 

see Fei and Saxena (1986) 
d Thermal expansion coefficients with equation: a v = ao + e l T - t +  
~2T-Z~-~3T -3. The data at 300 K from Camichael (1982), at high 
temperatures the optimization technique of Saxena and Shen (1992) 
was used 
e Isothermal compressibility with equation: fiT = flo + f l iT  + fl2T z + 
fi3T 3 ; isothermal bulk modulus : KT = 1/(rio + / ~ T  + fi2T z + fi3T3). 
The data at 300 K from Hazen (1981), at high temperatures the 
optimization technique of Saxena and Shen (1992) was used 
f Estimated value for K'OT 
g The data of heat capacity are from Sundman (1991). Here we 
refitted the data with equation : C v = Co + ClT + czT- t + caT- z + 
C4 T - 3 
~' Estimated parameters from the results of melting in this study 
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